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Abstract 
Automotive producers are adopting multi-modal fulfillment models in which customers can be 
fulfilled by products from stock, by allocating as yet unmade products that are in the planning 
pipeline, or by building a product to order. This study explores how fulfillment is sensitive to 
several parameters of the system and how they interact with different methods for sequencing 
products into the production plan.  
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1 Introduction  
In the automotive sector it has become common practice for the mass market producers to use 
several different mechanisms to fulfil customers in their major markets (Holweg and Pil, 2004).  
A suitable vehicle for a customer can be sought by searching: the stock of finished vehicles, 
among the vehicles planned for production, or by building a vehicle to order (BTO).  The 
fundamental behaviour of this form of system has been studied by Brabazon & MacCarthy 
(2006) and been shown to be different from a conventional system in which the pipeline is closed 
from view.  Methods for sequencing products into the pipeline have been described and 
compared in Brabazon et al (2008).  The study reported here extends the previous research by 
assessing how the configuration of the system impacts performance. The model captures 
customer compromise behaviour i.e. the customer being prepared to compromise on vehicle 
specification in their purchase decision in order to reduce lead time. 
To study the system a discrete event simulation has been created which models the pipeline as a 
sequence of products.  At each time step of the simulation these products increment one position 
along the pipeline and one leaving the downstream end.  The exiting product goes into stock 
unless it has been sold already in which case it is removed from the system.  Customer arrivals 
are synchronised with the incrementing pipeline, with one customer served in each time period. 
Thus, production and customer demand are assumed to be in balance with respect to volume.  
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Every customer is allocated a product, either from stock or the pipeline or by requesting a build-
to-order product. 
The study investigates the following configurations of the system: 
• Amount of finished stock 
• Open and closed pipeline  
• Length of pipeline 
• Batch feeding of the pipeline.  The smallest batch size is one (i.e. a product is fed into 
the pipeline at every time step) and the largest batch size is half the length of the 
pipeline.  
2 Description of the model and pipeline feed methods  
A schematic of the order fulfilment system is shown in Figure 1.  In this system there are three 
mechanisms for fulfilling a customer with a product – from finished stock, from allocating a 
product in the planning pipeline to the customer, or requesting a build-to-order (BTO) product 
Customer 
Stock Factory 
Three fulfilment 
mechanisms BTO request  
queue 
Pipeline 
(Production plan)
Feed  
 
Figure 2.1: Schematic of the order fulfilment model with three fulfilment mechanisms 
The challenge for a producer is to configure the system in a way that give the best fulfilment to 
customers.  The amount of product variety being offered by producers is large, with some 
passenger vehicles coming in thousands if not millions of feature and option combinations.   
In this study, the relative demand for each variant follows an 80/20 distribution, i.e. 20% of the 
variants account for 80% of demand as illustrated in the right plot in Figure 3. This is modelled 
in the simulation using a Beta distribution with the shape parameters set to 1 and 7.5.  
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Figure 2.2: Demand for each variant in number order (left plot) and ranked by demand proportion to 
show the shape of the 80/20 distribution (product range 1024) 
Several variety levels from 64 to 16384 are simulated.  Figure 2.2 shows the relative demand for 
each variant when there are 1024 variants and it is important to note that demand per variant is 
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randomised to avoid a correlation between variant specification and variant demand.  This is to 
emulate the real world situation in which the most commonly requested variants from a product 
range differ greatly.  
The producer has control over the configuration of the system and the question is how fulfilment 
performance is affected by the parameter.  The parameters under study here are: 
• Stock volume 
• Pipeline length 
• Batch feed.  At one extreme the producer can feed one product into the pipeline after 
each sale, or can add products to the pipeline in a batch. 
• Open or closed pipeline.  In a conventional fulfilment system the production plan is 
closed, or invisible, to the sales function.  
Customers are modelled as seeking a preferred product specification, but being prepared to trade-
off the specification with the lead time.  When a customer enters the system, a search is made 
through stock and along the pipeline for the ‘best’ product.  The lowest scoring product is 
allocated to the customer, unless a BTO order would have a lower score, in which case the 
customer is fulfilled by the BTO mechanism. The score for product i is the sum of the 
specification difference and its lead time, l: 
irequestedii lvvs +−=  
The metrics are:  
• Compromise received by the customer, measured as the difference between received 
and requested specification, and expressed as a percentage of the product range.  
• Fulfilment mechanism, i.e. proportion of customers fulfilled from stock, pipeline and 
BTO 
• Customer waiting time 
• Stock metrics such as volume, age and mix (which is measured as the proportion of 
variants represented in stock)  
2.1 Pipeline feed methods 
Six methods for feeding the pipeline are tested.  These are summarised below with a full 
description in Brabazon et al (2008): 
• Method 1: Random feed. The next variant fed into the pipeline is chosen at random 
from the target distribution.  
• Method 2: Reduce stock-out probability.  The next variant to be fed into the pipeline is 
the one that has the highest probability of stocking out.   The calculation does not lool 
solely at stock but uses the total number of available products in stock and the 
pipeline, and therefore the total number of a variant in both the stock and pipeline.  
• Method 3: Reduce weighted error from target distribution.  This considers the error 
between the actual number of a particular variant in both stock and pipeline and the 
expected demand for that variant.  The error is weighted according to the demand for 
the variant.  The variant to be fed into the pipeline is the one that has the largest error 
• Method 4: Reduce distance (to reduce compromise).  This method applies the concept 
of compromise distance to select a variant.  It selects a variant which will minimise the 
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expected compromise suffered by customers.  This is a computationally demanding 
method, with the number of calculations being proportional to the square of the 
number of variants.  Results have not been obtained for all conditions.  
• Method 5: Increase forward sales coverage.  The expected forward sales cover of a 
variant is calculated using the binomial approximation. The variant to feed into the 
pipeline is the one which has the lowest forward sales coverage. 
• Method 6: Follow the previous customer’s request.  In this method the sequence of 
wholesaled products repeats the sequence of customer orders.   
3 Results  
3.1 Closed versus Open Pipeline 
In this section the performance of the VBTO system is compared to a conventional fulfilment 
system which has a closed pipeline.  
In neither systems are any customers fulfilled by BTO, therefore in the conventional (closed 
pipeline) system all customers are fulfilled from stock.  It is very clear the customers in the 
conventional system experience much higher compromise (and variation in compromise) than in 
the open pipeline system.  Once the stock level approaches 500 the two systems converge. 
As a result of more customers being fulfilled from stock in the conventional system than in the 
VBTO system, the age of stock is less in the conventional system.  However, the coverage of 
stock is also less.    
Figure 3.1:  Compromise in specification (VBTO left plot, Conventional right plot) 
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Figure 3.2:  Standard deviation of Compromise in specification (VBTO left plot, Conventional right plot) 
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Figure 3.3:  Stock volume (VBTO left plot, Conventional right plot) 
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Figure 3.4:  Stock age (VBTO left plot, Conventional right plot) 
1
10
100
1000
10000
10 100 1000 10000
Steady state Stock Volume
St
oc
k 
A
ge
 (A
ve
ra
ge
)
Method 1
Method 2
Method 3
Method 4
Method 5
Method 6
 
1
10
100
1000
10000
1 10 100 1000 10000
Steady state Stock Volume
St
oc
k 
A
ge
 (A
ve
ra
ge
)
Method 1
Method 2
Method 3
Method 4
Method 5
Method 6
 
P G Brabazon, A Woodcock and B L MacCarthy 
Presented at: International Mass Customization Meeting (IMCM’08),Copenhagen, Denmark, June 19-20, 2008 
 
6 
Figure 3.5:  Stock coverage (VBTO left plot, Conventional right plot) 
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3.2 Different levels of variety and different pipeline lengths 
Using Method 2 the effect of altering the variety levels is studied, and also the effect of altering 
the length of pipeline.  
It is observed: 
• All performance metrics improve as variety is reduced. 
• All performance metrics improve as pipeline length is reduced.  
• With customers compromising, the consistency in performance for constant v/p ratios 
does not hold as has been when customers require an exact match (Brabazon and 
MacCarthy, 2006).  For example, at a ratio of 4, when variety is 4096 and pipeline is 
1024 the proportion fulfilled from stock is ~65% when the stock level is 100, whereas 
it is ~88% when the variety is 1024 and pipeline is 256.  
Figure 3.6:  Stock fulfilment (multiple varieties left plot, multiple pipe lengths right plot) 
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Figure 3.7: Stock age (multiple varieties left plot, multiple pipe lengths right plot) 
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Figure 3.8:  Customer Waiting time (multiple varieties left plot, multiple pipe lengths right plot) 
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Figure 3.9:  Compromise in specification (multiple varieties left plot, multiple pipe lengths right plot) 
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Figure 3.10:  Standard deviation in Compromise in specification (multiple varieties left plot, multiple pipe lengths right plot) 
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3.3 Impact of feedsize 
In the above experiments the feed into the pipeline has been synchronised with the arrival of 
customers, i.e. one product is fed into the pipeline, then one customer is processed, then one 
product is fed in and so on.  This section reports on the affect of batch feeding the pipeline.  For 
example, after 32 customers have been processed, during which time no products are fed into the 
pipeline, a block of 32 products are fed in.  Therefore the number of products in the pipeline, if 
plotted over time, would appear to have a saw tooth pattern, as illustrated in the figure below. 
Figure 3.11:  Stock fulfilment 
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orders in 
pipeline 
time 
 
Three batch sizes are analysed – 32, 128 & 512.  If the pipeline, which holds 1024 products, is 
equivalent to 2 months production plan, then the three batch sizes can be considered to be 
equivalent to batches of 0.25 week, 1 week and 1 month.  
A batch feed does not remove the use of the BTO queue.  Any BTO request is stored and given 
priority when the batch is fed into the pipeline.  The lead time for a BTO order, required for 
scoring the BTO option relative to products in stock and the pipeline, is calculated knowing the 
time in the cycle and the length of the BTO queue.  
From the plots below it is observed batch size changes the metrics little.  Only for the largest 
batch size studied is there perceptible change in some metrics.  When the stock level is below 
200 there is slight increase in stock fulfilment and consequence reduction in waiting time.  
Unexpectedly, customer compromise (and variation in compromise) is reduced slightly by the 
largest batch size.  
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Figure 3.12:  Stock fulfilment 
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Figure 3.13:  Customer Waiting time 
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Figure 3.14:  Std. Deviation of Customer Waiting time 
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Figure 3.15:  Compromise in specification 
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Figure 3.16:  Std. Deviation of Compromise in specification 
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Figure 3.17:  Stock age 
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Figure 3.18:  Stock volume 
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3.4 Mismatch in wholesale and customer demand distributions 
In the above analyses the producer has an accurate model of the customer demand, which 
follows an 80/20 distribution. The implication of the producer having an inaccurate model of 
demand is simulated.  Two inaccurate distributions are tested: 
• 70/30: the producer is aiming to create a mix in the system that matches a 70/30 shape 
which is a flatter spread than the actual customer demand.   
• 90/10:  the producer is aiming to create a mix in the system that matches a 90/10 shape 
which is more peaked than the actual customer demand.   
The Random feed method is very sensitive to the change in wholesale distribution.  For all 
metrics it is the method that is most altered.  In general, the metrics are more severely affected by 
the 90/10 skew than 70/30 skew.  
The method of following the customer (Method 6) is resilient to the different skews, which is 
unsurprising since the selection of variant to feed into the pipeline is not dependent on the 
producer’s model of the demand mix distribution.   
The performance of the other methods is similar and is summarised in the table below.  
Table 3.1: Interaction of two skew conditions with pipeline feed methods 2, 3, 4 & 5  
70/30  90/10  Metric 
Change Comment Change Comment 
Stock fulfilment ↓ When stock is below 200 there is 
reduction in stock fulfilment  
↓↓ The reduction is larger than for 70/30 
and is evident for stock below 2000  
Stock volume ↔ No significant change ↔ No significant change 
Stock age ↑↑ 
Across all stock levels the age is 
increased.  Differences appear between 
the methods 
↑ Small increase in stock age 
Stock coverage ↑↑ 
As expected, a large increase in 
coverage, especially at higher stock 
levels  
↓↓ As expected, a reduction in coverage, 
especially at higher stock levels 
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Compromise ↑ 
Slight increase in compromise when 
stock is below 1000. Differences 
between the methods at low stock 
levels 
↑↑ 
Large increase in compromise at all stock 
levels. Differences between the methods 
except at highest stock level 
Compromise 
(variation) 
↑ Slight increase when stock is below 
1000 
↑↑ Large increase at all stock levels 
Waiting time ↑ Small increase when stock levels below 
200 
↑ Small increase when stock levels below 
1000 
     
Figure 3.19:  Stock fulfilment (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
10 100 1000 10000
Steady state Stock Volume
Fu
lfi
lm
en
t p
ro
po
rt
io
n
Method 1
Method 2
Method 3
Method 4
Method 5
Method 6
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
10 100 1000 10000
Steady state Stock Volume
Fu
lfi
lm
en
t p
ro
po
rt
io
n
Method 1
Method 2
Method 3
Method 4
Method 5
Method 6
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
10 100 1000 10000
Steady state Stock Volume
Fu
lfi
lm
en
t p
ro
po
rt
io
n
Method 1
Method 2
Method 3
Method 4
Method 5
Method 6
 
P G Brabazon, A Woodcock and B L MacCarthy 
Presented at: International Mass Customization Meeting (IMCM’08),Copenhagen, Denmark, June 19-20, 2008 
 
13 
Figure 3.20:  Stock Volume (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
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Figure 3.21:  Stock age (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
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Figure 3.22:  Stock coverage (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
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Figure 3.23:  Compromise in specification (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
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Figure 3.24:  Standard deviation of Compromise in specification (upper left Matching feed, upper right 70/30 feed, lower left 
90/10 feed) 
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Figure 3.25:  Customer Waiting time (upper left Matching feed, upper right 70/30 feed, lower left 90/10 feed) 
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4 Conclusion 
Emerging findings include: 
• When the pipeline is closed the customers in the conventional system experience 
much more compromise (and variation in compromise) than with an open pipeline.  
The two systems converge as stock levels increase. As a result of more customers 
being fulfilled from stock when the pipeline is closed, the age of stock is less but the 
coverage of stock in terms of product variety represented is also less. 
• All performance metrics appear to improve as pipeline length is reduced.  
• The feed batch size changes the metrics little.  Only for the largest batch size studied is 
there perceptible change in some metrics. 
• An error in the producer’s perception of the demand function can have a dramatic 
impact on fulfilment performance.  A risk reduction measure is for the producer to 
follow its customers in regard to what products are fed into the pipeline.  
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